Susceptibility testing of laboratory strains and clinical isolates of Borrelia burgdorferi indicates that resistance to erythromycin is present in them. Evaluation of the MICs, minimal bactericidal concentrations, and kinetics of bacterial killing of erythromycin suggests that this resistance is increased by preexposure to the antibiotic, is dependent on inoculum size, and may be the result of selection of subpopulations of bacterial cells with increased resistance.
Studies of the antibiotic susceptibility of Borrelia burgdorferi have not been performed extensively because the bacteria cannot be cultured in the majority of cases of Lyme disease (1, 6, 16) . Interpretation of these assays is in any case hindered by the complex media used to grow B. burgdorferi, the need for precise control of partial O 2 and CO 2 pressure during culture, the slow growth of this bacterium, and the lack of standardization of MIC determinations (1, (7) (8) (9) 19) . The fact that in vitro culture appears to modify biological properties of B. burgdorferi that may be relevant to its antibiotic susceptibility, including plasmid content, growth rate, and infectivity, adds further difficulties (6, 14) . These problems may contribute to discrepancies between the susceptibility of B. burgdorferi and the efficacy of certain antibiotics in treating Lyme disease (7-9, 16, 19) . This is clearly exemplified by the lack of agreement in the literature concerning the in vitro susceptibility of B. burgdorferi to macrolide antibiotics such as erythromycin (7) (8) (9) and the efficacy of macrolides in the treatment of Lyme disease (16, 19) .
In general, the results of antibiotic susceptibility studies with B. burgdorferi have indicated that different strains of this bacterium appear to be quite homogenous in their patterns of susceptibility and resistance to many antibiotics, and together with genetic analysis, these studies have suggested that the problem of emergence of disseminated antibiotic resistance is minimal in B. burgdorferi (8, 9) . The studies reported here indicate that erythromycin resistance is present in B. burgdorferi and that clinical isolates and laboratory strains differ in their susceptibilities to this antibiotic.
B. burgdorferi strains. B. burgdorferi strains B31 (ATCC 35210), 297 (17) , and N40 were obtained from the American Type Culture Collection, J. Benach, and L. Bockenstadt, respectively. Random clinical isolates obtained from patients with Lyme disease diagnosed at the Westchester Medical Center were obtained from blood cultures and skin biopsies (Table  1) (10) .
Determination of MICs and MBCs.
MICs were determined by inoculation of 5 ϫ 10 5 B. burgdorferi cells into tubes containing 300 l of Barbour-Stoenner-Kelly II (BSK-II) medium and 0.005, 0.01, 0.05, 0.1, 0.5, 1, 5, 10, 15, 100, or 500 g of erythromycin per ml. Cultures were incubated at 34°C for 7 to 10 days (3), and the end point was determined by turbidity, change in color of the medium, and microscopy (3). Minimal bactericidal concentrations (MBCs) were determined by inoculating 10 7 B. burgdorferi cells into 60-mm-diameter plating BSK agar plates containing 0.0075, 0.015, 0.03, 0.06, 0.12, 0.24, 10, 30, 60, 120, 240, or 500 g of erythromycin per ml (3). The plates were incubated at 32°C in a humidified 5% CO 2 atmosphere for 10 to 15 days, and the colonies were counted. The end point for the MBC determinations was either the lack of colonies or the presence of not more than 5 to 10 colonies based on the lack of correlation between susceptibility to erythromycin and success of treatment (3, 7-9, 12, 13, 16-19) and the fact that we were investigating the use of resistance to erythromycin as a genetic marker in Borrelia (1, 6) . To determine the effect of preexposure to antibiotic on resistance to erythromycin, B. burgdorferi N40 culture was exposed to 0.01 g of erythromycin per ml in liquid medium for 3 days before plating.
Kinetics of killing of B. burgdorferi by erythromycin. Tubes containing 300 l of BSK-II with erythromycin at concentrations of 0.06 and 30 g/ml were inoculated with B. burgdorferi N40 and B31 to the starting concentration of 10 7 cells and incubated at 34°C (3). B. burgdorferi cells were stained with acridine orange and counted at several time intervals by fluorescent microscopy.
Luria-Delbrück fluctuation test. The Luria-Delbrück fluctuation test was performed with B. burgdorferi N40 strain as described previously (11) , with the appropriate amounts of inoculum and medium and under the appropriate growth conditions for the single large-volume culture and the independet small-volume cultures (11) . Two concentrations of erythromycin (10 and 120 g/ml) were used to select for erythromycinresistant cells on plating BSK plates in two independent experiments.
MICs and MBCs for B. burgdorferi strains B31, 297, and N40. We determined erythromycin susceptibility of B. burgdorferi strains B31, 297, and N40 by dilution methods with liquid broth and solid media ( Table 1 ). The MICs of erythromycin were 0.005 and 0.003 g/ml for strains B31 and 297, respectively, and 10 g/ml for strain N40 (Table 1) . We also observed that while the MBCs of erythromycin for B. burgdorferi B31 and 297 were 0.06 and 0.03 g/ml, respectively, B. burgdorferi N40 cells were able to survive erythromycin concentrations of 500 g/ml. For example, after 12 days of culture, 10 3 colonies were present after inoculation of 10 8 B. burgdorferi N40 cells on a PBSK plate containing 500 g of erythromycin per ml, while no colonies (of 10 8 cells inoculated) of B. burgdorferi B31 and 297 were present on plates containing 0.06 and 0.03 g of erythromycin per ml. Thus, these experiments confirm the results of liquid medium experiments, demonstrating that the B31 and 297 strains are susceptible to erythromycin, but N40 is not.
Attempts to grow these erythromycin-resistant N40 colonies in liquid media with and without antibiotic failed. Although B. burgdorferi N40 cells grown on solid media with antibiotics were not culturable in liquid media, microscopic observation of cells resuspended from such colonies indicated that these cells were actively motile and intact. N40 colonies growing on erythromycin-free solid media were able to grow in liquid media without erythromycin.
Kinetics of killing of B. burgdorferi N40 and B31 by erythromycin. To further investigate the interaction of erythromycin with B. burgdorferi, we examined the kinetics of erythromycin killing. After 44 h of culture, there was a 1-log reduction in B. burgdorferi B31 cells in the presence of 0.06 g of erythromycin per ml and a 2-log reduction in the presence of 30 g of erythromycin per ml (Fig. 1) . There was no significant reduction in B. burgdorferi N40 cells after exposure to the same concentrations of erythromycin (Fig. 1) . These results confirm the differences in susceptibility of strains B31 and N40 to erythromycin and indicate that at the concentrations used in these experiments, erythromycin is bactericidal for strain B31, but not for strain N40.
Effect of preexposure to erythromycin on erythromycin resistance in B. burgdorferi N40 and inoculum effect. To determine if exposure to erythromycin increased the resistance of B. burgdorferi N40 to this antibiotic, cells were exposed to 0.01 g of erythromycin per ml before plating. Preexposure of N40 to erythromycin increased resistance to this antibiotic only slightly, so that after inoculation of 2 ϫ 10 7 B. burgdorferi N40 cells on a plate containing 10 g of erythromycin per ml, the number of surviving bacteria increased from 10 4 to 10 5 . We also observed that erythromycin resistance expressed by N40 increased as the numbers of B. burgdorferi cells inoculated on erythromycin-containing plates increased. For example, when bacteria were inoculated, resistant bacteria grew in plates containing 500 g of erythromycin per ml. This inoculum effect was also observed after pretreatment of B. burgdorferi cells with 0.01 g of erythromycin per ml.
MBCs and MICs of erythromycin for B. burgdorferi clinical isolates. These results and those of other investigators (6) indicate an important heterogeneity in the susceptibility of B. burgdorferi strains to erythromycin. Table 1 shows that the MBCs for several B. burgdorferi clinical isolates are above 100 g/ml, confirming this heterogeneity. We also determined the MIC in liquid media for isolates 224, 460, 264, and 485 (Table  1) . Although the number of strains examined was small, their resistance to erythromycin did not appear to be related to the source or genotype (10), inasmuch as there were susceptible and resistant strains in both skin and blood ( Table 1) .
Lack of B. burgdorferi N40 cells with an increased rate of mutation to erythromycin resistance. To investigate whether resistance to erythromycin is the result of B. burgdorferi N40 cells with an increased rate of mutation, we performed LuriaDelbrück fluctuation tests selecting B. burgdorferi cells on erythromycin plates (11) . The statistical indistinguishability in the numbers of erythromycin-resistant cells of B. burgdorferi grown in a single large-volume culture (variance, 23.7) and B. burgdorferi cells grown in multiple small-volume independent cultures (variance, 34.2) indicated that there were no individual cells with an increased rate of mutation in the population of B. burgdorferi N40. However, these results do not rule out the presence of a preexisting subpopulation of more resistant cells in the population of B. burgdorferi N40 exposed to the antibiotic.
Studies of the in vitro susceptibility of B. burgdorferi to erythromycin and other macrolide antibiotics have generally indicated that B. burgdorferi strains are usually highly susceptible to this antibiotic (3, (7) (8) (9) . These findings contrast with clinical reports indicating the limited efficacy of these antibiotics in treatment of B. burgdorferi infections in animals and human beings (7-9, 12, 13, 18, 19) . This apparent lack of correlation between in vitro susceptibility studies performed with erythromycin and other macrolides and in vivo studies in animals and human beings may be the result of lack of standardization of susceptibility assays, differences in B. burgdorferi populations, differences in the pharmacological properties of the macrolide antibiotic preparations in animals and human beings, and failure to detect B. burgdorferi erythromycin-resistant strains because only a limited number of strains have been tested for susceptibility (16) (17) (18) (19) .
Our measurements of MIC, MBC, and the kinetics of killing of strains B31, 297, and N40 by erythromycin indicate that there are variations in the susceptibility of these B. burgdorferi strains to the antibiotic and that it cannot be assumed that all B. burgdorferi strains display as exquisite susceptibility to this antibiotic as do strains B31 and 297 (3, 9) . That the erythromycin resistance observed in B. burgdorferi N40 may be a general phenomenon in B. burgdorferi is suggested by our finding of high MBCs and MICs among several clinical isolates of B. burgdorferi (Table 1) , by previous reports suggesting that erythromycin resistance is present in B. burgdorferi strains (6), and by information indicating that B. burgdorferi erythromycin resistance variants can be generated in the laboratory by exposure to erythromycin (6) . The presence of undetected erythromycin-resistant strains among clinical isolates could explain the lack of correlation observed between B. burgdorferi in vitro susceptibility to erythromycin (3, 9) and the lack of consistent efficacy of erythromycin in the treatment of Lyme disease (16) (17) (18) (19) . Levels of erythromycin resistance displayed by clinical isolates similar to that shown by N40 would interfere with the therapy of Lyme disease because they are above levels reached in the bloodstream by administration of oral and intravenous erythromycin (1 to 4 and 10 g/ml, respectively) (2). We do not believe that our findings are the result of the use of different methodology, since the inocula of B. burgdorferi used in our MIC determinations and time-killing experiments are similar to the inocula used by other investigators (3, (7) (8) (9) . Moreover, it is clear that our methods can differentiate between erythromycin-susceptible and -resistant strains of B. burgdorferi, because we detected erythromycin-resistant cells in the MBC experiments even when a lower inoculum was used, and there was a direct correlation between our MIC and MBC experiments and the kinetic killing experiments. The lack of growth in liquid media of the erythromycin-resistant colonies of B. burgdorferi growing on solid media and their altered colony morphology (M. L. Sartakova and F. C. Cabello, unpublished observations) suggests that this subpopulation of bacteria may be undergoing a global metabolic change responsible for the observed antibiotic resistance (4). More extensive and standardized susceptibility studies of clinical isolates of B. burgdorferi are clearly needed to answer this point.
The fact that most low-passage infectious strains of B. burgdorferi in our study showed erythromycin resistance could indicate that these strains express mechanisms responsible for an increased rate of mutation to this antibiotic, because gene transfer in this bacterium is limited (1, 5) . The results of LuriaDelbrück fluctuation testing (11) of the infectious N40 strain with concentrations of 10 and 120 g/ml to select for erythromycin-resistant mutants showed that no cells in the culture displayed an increased rate of mutation in response to erythromycin, since there was no fluctuation in erythromycin-resistant colonies in these experiments (11) . However, these results do not rule out the presence of a small number of preexisting B. burgdorferi subpopulations resistant to erythromycin in the population prior to the experiments (11). Preexposure of B. burgdorferi N40 to low levels of erythromycin increased the number of cells resistant to this antibiotic; additional studies will be needed to discern whether this increase corresponds to induction or to an increased selection of preexisting antibioticresistant subpopulation in a heterogeneous population. A relevant difference between infectious and noninfectious strains of B. burgdorferi that could explain their different susceptibilities to erythromycin (Table 1) is the lack of the plasmids lp25 and lp28-1 in the latter (14) . Genomic analysis of the DNA sequence of these plasmids did not detect any obvious genes that could endow infectious B. burgdorferi strains with erythromycin resistance (data not shown). Erythromycin-resistant mutants in B. burgdorferi could be secondary to mutations in the 23S rRNA, because these mutations are dominant in bacteria such as B. burgdorferi that contain a decreased number of rRNA operons (15) . However, preliminary PCR amplification VOL. 46, 2002 NOTES 3639 on June 20, 2017 by guest http://aac.asm.org/ studies with B. burgdorferi N40 to detect genes conferring erythromycin resistance and DNA sequencing of this strain to detect mutations in the rRNA genes have produced no evidence for any such hypothesis (data not shown). In summary, some B. burgdorferi strains are able to express resistance to erythromycin. Further studies will be needed for improved characterization of the microbiological and mechanistic characteristics of this resistance and its clinical relevance. Moreover, the presence of this resistance in clinical isolates also suggests that erythromycin will not be a useful genetic marker to manipulate many clinical isolates of B. burgdorferi.
